In soybean root nodules, leghaemoglobin (Lb) accounts for 25-30% of the total soluble protein but is not detected in other tissues. In order to determine whether the Lb genes are plant or bacterial in origin a cDNA probe for Lb was prepared from 9S poly (A) containing mRNA of root nodules. Although this 9S mRNA directed synthesis of predominantly three forms of Lb in vitro, the kinetics of hybridisation of cDNA and the 9S mRNA showed a transition at about 30% hybridisation which suggested that the 9S-CDNA was not pure Lb-cDNA. The abundant, Lb-cDNA was prepared by two cycles of hybridising 9S mRNA and cDNA to a Rot of 3 X 10~3 and isolation of the hybridised cDNA on hydroxyapatite. The Lb-cDNA was homogeneous in hybridisation analysis with 9S mRNA and electrophoresis in 98% formamide gels. This cDNA hybridised with soybean DNA and not with Rhizobium DNA, thus directly demonstrating that Lb genes are of plant origin. Titration of Lb-cDNA with soybean DNA showed that Lb genes are reiterated about forty-fold per haploid genome.
INTRODUCTION
The paucity of information from higher plants regarding the mechanisms of expression of nuclear genes is partly due to the lack of hybridisation probes for defined mRNAs. The usefulness of a high specific activity cDNA transcript of a mRNA is illustrated by work with globin cDNA, which has been used, for example, to monitor globin mRNA levels in the nucleus and cytoplasm of erythropoietic and non-erythropoietic cells (1) and to detect the accumulation of globin mRNA during induction of Friend cells by dimethylsulphoxide (2) . A globin cDNA probe has been used to determine the number of globin genes in human cells (3) and the repetition of the sequences next to the globin genes in the duck genome. (4) . Double stranded globin cDNA has been amplified by insertion into an JE. coli plasmid and the amplified insert used to determine the nucleotide sequence of the g-globin mRNA (5) .
Although several plant mRNA species have been identified as poly A(+) © Information Retrieval Limited 1 Falconberg Court London W1V5FG England molecules (6) (7) (8) (9) (10) , only two, leghaemoglobin mRNA (6) and zein mRNA (7, 10) have been prepared in any purity. This communication describes the preparation of a cDNA for leghaemoglobin from a partially pure mRNA.
Leghaemoglobin is synthesized exclusively in the nitrogen fixing root nodules which develop due to the symbiotic association of a bacterium (Rhizobium sp.) with legumes (11) . In soybean nodules it accounts for 25-30% of the total soluble protein and is encoded by a 9S poly A(+) mRNA (6) which is translated on free polysomes in the plant cell cytoplasm (12) .
There are three major forms of leghaemoglobin in soybean, two of which have very similar amino acid sequences (13, 14) . Indirect evidence suggests that leghaemoglobin may be a plant gene product (12, 15, 16) .
By showing that leghaemoglobin cDNA hybridised to soybean DNA and not to Rhizobium DNA we have now demonstrated directly that leghaemoglobin is encoded by the plant genome. The reiteration of the leghaemoglobin genes is about forty-fold, as shown by saturation hybridisation analysis. Messenger RNA Preparation: Messenger RNA was prepared from nodule polysomes. The nodules were ground to a fine powder in liquid N2 and then homogenized in high Tris, high pH buffer (6) (150 mM Tris-HC1 (pH 8.5, 0°C), 50 mM KC1, 20 mM Mg(0Ac) 2> 0.3 M sucrose, 10 mM 0 mercaptoethanol, 0.4% Nonidet P-40 (Shell Chem. Co.)). After centrifugation (15,000 rpm, 20,000 gav) for 10 min, the supernatant was layered over 1 M sucrose in 50 mM Tris-HCl (pH 8.5, 0°C), 50 mM KC1, 10 mM Mg(0Ac) r The polysomes were collected by centrifugation for 2 hr at 60,000 rpm (Beckman Ti 60 rotor) and total RNA was prepared (6) . Poly A(+) mRNA was isolated by oligo dT-cellulose chromatography (17) . 50 mg of RNA was dissolved in 10 mM Tris pH 7.6 (20°C), 10 mM EDTA, 400 mM NaCl and passed twice over a column of oligo dT-cellulose (2 cm x 1.5 cm). Bound RNA was eluted in 10 mM Tris-HCl pH 7.6, 10 mM EDTA and collected by centrifugation for 16 hr at 50,000 rpm (Beckman Type 65 rotor). The 9S poly A(+) mRNA which contains leghaemoglobin mRNA (6) was prepared from total nodule poly A(+) mRNA by sucrose gradient centrifugation. The gradients were 5 to 20% sucrose in 10 mM Tris-HCl pH 7.5, 1 mM EDTA, and were centrifuged at 55,000 rpm (Beckman SW56 rotor) for 6 hr at 0°C. The final yield of 9S mRNA was about 40 vig per 100 g of nodules.
MATERIALS AND METHODS

Growth of Plants
Rabbit globin mRNA was prepared from rabbit reticulocytes (Gibco).
Polysomes were prepared from the lysed reticulocytes by centrifugation through 1M sucrose and 9S globin mRNA was prepared as described above for nodule 9S poly A(+) mRNA. Hybridisations contained RNA and cDNA, 0.18 M or 0.6M NaCl, 10 mM HEPES, 10 mM EDTA (pH 7.8) at 60°C (0.18 M NaCl) or 70°C (0.6M NaCl). The RNA:
cDNA ratio was at least 100:1. The rate of reactions in 0.6M NaCl was corrected to standard (0.18M Na ) conditions (19) . Hybridizations were started after boiling for 3 min and stopped by rapid freezing in liquid N 2 -
The amount of hybridisation was assayed by digestion in 1 ml of 0.3M NaCl, 4.5 mM ZnSO 4 , 30 mM NaOAc (pH 4.5), 5% glycerol with 25 yg of native and denatured calf thymus DNA (Sigma) and 1000 U ml of SI nuclease (Miles).
Undigested material was TCA precipitated onto GF/A filters (Whatman).
Samples were solubilized with Protosol (New England Nuclear) and counted in toluene based scintillant. Each experiment included zero Rot and undigested controls.
In order to prepare the leghaemoglobin cDNA, 9S-cDNA was incubated with a twenty-fold excess of 9S poly A(+) mRNA to a Rot of 2 x 10~3 in 1.0 ml. The reaction was diluted to 10 ml and passed over 0. DNA Hybridisation: DNA samples were sheared to a length of 500-1000 bases by sonication. Their size was measured by alkaline sucrose gradient fractionation with 9S-cDNA as marker (24) . cDNA and nick translated DNA were hybridised with soybean DNA or Rhizobium DNA in 0.6M NaCl buffer at 70°C and the rate of hybridisation was corrected for the effect of salt (19) .
The DNA : cDNA ratio in kinetic experiments was 10° : 1 (Rhizobium DNA) or 5 x 10 6 : 1 (soybean DNA).
Cell-Free Protein Synthesis: Messenger RNA was translated in a modified wheat germ system (25) . In order to reduce protein synthesis due to endogenous wheat germ mRNA, the S.23 was dialyzed and digested with Ca"*" Beckman Type 65 rotor). In vitro synthesized proteins were analyzed on SDS slab gels after treatment with heme and KoFe(CN),-(Verma, manuscript in preparation) using the discontinuous buffer system of Laemmli (28) or on nondenaturing gels (29) . Gels were stained with Coomassie blue to detect markers and fluorographed (30) using prefogged film (31).
Formamide Gel Electrophoresis: Slab gels containing 3.6% polyacrylamide and 98% formamide were prepared as described by Maniatis et al (32) and allowed to polymerise overnight. Electrophoresis was for 5 hr at 100V. Radioactivity was detected using fluorography (30) on prefogged film (31) . Hind II fragments of [ Pj labelled S13RFI DNA (a gift of Klaus Harbers) were used as molecular weight standards. The Hind II digestion was for 1 hr in 10 mM Tris HC1 pH 7.6, 50 mM NaCl 10 mM MgCl 2 , 15 mM dithiothreitol at 37°C.
RESULTS
In order to obtain leghaemoglobin-mRNA enriched template for reverse transcription, we isolated the 9S poly A(+) RNA from 3 week old root nodules (6) . Sucrose gradient analysis of this RNA showed a broad peak of approximately 9S (Fig. 1A) . This RNA was very active in a wheat germ in vitro protein synthesis system, giving 50 to 100 fold stimulation over background (minus RNA) activity. Analysis of the products of in vitro translation of the 9S poly A(+) mRNA on SDS gels demonstrated a single major component which comigrated with authentic leghaemoglobin (Fig. IB) . The identity of the major component as leghaemoglobin has been established previously by immunoprecipitation and partial N-terminal sequencing (6, 27) . fact the rapid phase of the reaction (Rot ,-s7 x 10 ) accounted for only 30% of the total hybridisation ( Fig. 2A) . The 9S-cDNA was therefore too heterogenous to be useful as a probe for leghaemoglobin sequences. By comparison with the kinetics of globin mRNA-cDNA hybridisation ( Fig. 2A) and assuming accurate reverse transcription of nodule mRNA abundance classes we have calculated that the complexity of the RNA driving the rapid component was about 310,000 daltons. This value is very close to the molecular weight of leghaemoglobin mRNA (260,000 daltons (34)) initial rapid phase of the hybridisation involving only leghaemoglobin mRNA and leghaemoglobin cDNA. In order to isolate the leghaemoglobin cDNA, 9S-cDNA was subjected to three cycles of preparative scale hybridisation to a Rot value of 3 x 10 followed by hydroxyapatite chromatography to isolate the hybridised cDlJA. The cDNA was purged of RNA by extended alkaline hydrolysis. This purified leghaemoglobin cDNA now hybridised to 9S poly A(+) mRNA as a single component (Fig. 2B) . The R o t -^ value (10 ) was similar to the Rot^/2 value for the rapid phase of the unfractionated cDNA hybridisation (7 x 10"^*) showing that the fractionated leghaemoglobin cDNA was homologous with the most abundant mRNA in the 9S poly A(+) mRNA fraction.
To further demonstrate the homogeneity of this leghaemoglobin cDNA, we subjected an aliquot to electrophoresis in 98% Formamide. Most of the sample electrophoresed as a single band of molecular weight 250,000 daltons (Fig. 3B ).
MWxiQ- This compares with the heterodisperse electrophoretic profile given by unfractionated 9S-cDNA (Fig. 3C) .
The genomic origin of leghaemoglobin mRNA was probed by hybridisation of the leghaemoglobin-cDNA to soybean DNA from uninfected tissue (embryos) and to DNA from cultured Rhizobium japonicum. Even after hybridisation with Rhizobium DNA to Cot of 10 3 , which is 5 fold greater than that needed for complete reassociation of Rhizobium DNA (21), no leghaemoglobin cDNA had been duplexed (Fig. 4 ) . However, the leghaemoglobin cDNA hybridised extensively with soybean embryo DNA demonstrating the presence of leghaemoglobin genes in the plant genome (Fig. 4 ) . fraction and suggests that the discrepancy is mostly due to the preferential translation of leghaemoglobin sequences in vitro. Sidloi Lumbroso et al.
(36) described a "leghaemoglobin" cDNA which was prepared, without further purification, from 9S poly A(+) mRNA and used to probe the origin of leghaemoglobin genes. Based on translation analysis Sidloi Lumbroso et al. (36) conclude that their 9S poly A(+) mRNA was 80% pure leghaemoglobin mRNA and that the cDNA was similarly pure. They do note, however, that the cDNA would hybridise to the extent of no more than 40% with its template RNA.
In the light of our data it is likely that the cDNA used by Sidloi-Lumbroso (37) . The pure leghaemoglobin cDNA will serve as a probe into the organisation of the leghaemoglobin genes.
